Introduction
Easier and more sensitive methods for the biological assessment of chemical compounds, such as drugs, food additives and environmental pollutants, to the human nervous system have been increasingly required. The real-time monitoring of nervecell activation, or the release of neurotransmitters, is very effective for these purposes. Real-time measurements of nervecell activation have been conventionally performed by using fluorescence microscopy with a calcium indicator. 1, 2 However, in this method, the indicator reagent should be loaded into the cell bodies, and any excess of the reagent should be removed by washing each time. Although HPLC analysis is also the usual method to investigate neurotransmitter release by nerve-cell activation, 3, 4 HPLC analysis is complicated, and takes much time.
Therefore, the development of easier, real-time observation methods is further requested.
In this study, we aimed to develop a novel method for the real-time detection of dopamine, a typical neurotransmitter, released from the rat pheochromocytoma (PC12) cell as a dopaminergic neuron model. [5] [6] [7] Acetylcholine (ACh) and 1,1-dimethyl-4-phenylpiperazinium iodide (DMPP) were used as stimulation agents for the PC12 cell. It was well-known that these compounds induce an increase of cytosolic Ca 2+ through depolarization-induced activation of voltage-sensitive Ca 2+ channels, and the release of Ca 2+ from the cytosolic vesicles, and following neurotransmitter release from PC12 cells. [8] [9] [10] In this paper, a modified enzyme-luminescence detection method for dopamine is introduced as a novel real-time observation method to observe dopamine release from PC12. In this method, dopamine is firstly oxidized to produce H2O2 by tyramine oxidase (TOD). The produced H2O2 reacts with luminol to generate chemiluminescence in the presence of horseradish peroxidase (HRP).
The application of lactoperoxidase (LPOD) 11 or tyrosinase 12 for dopamine oxidation was previously reported, however these enzymes had insufficient activity to detect dopamine in the examination experiments. Therefore, in this study, tyramineoxidase (TOD, EC 1.4.3.4 from Arthrobacter sp.) was first tested to oxidize dopamine instead of LPOD or tyrosinase, because the structure of its original substrate, tyramine is similar to that of dopamine. 13 Furthermore, the TOD-catalyzed luminescence detection of dopamine was applied to detect dopamine released from PC12 cells upon ACh stimulation. Finally, we tried to apply this method for drug assessment. RIKEN BioResouce Center. Cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% (v/v) horse serum (GIBCO), 5% (v/v) fetal bovine serum (ICN Biomedicals, Inc.), and 1% penicillin-streptomycin (GIBCO) at 37˚C in a humidified atmosphere containing 5% CO2. On the day before an experiment, cells were harvested with trypsin-EDTA and re-plated in a 96-well plate at a density of 0.5 × 10 6 cells/ml, and incubated for 24 h to allow attachment for a cell assay.
Characterization of the enzymes for dopamine oxidation
A comparison of three enzyme (TOD, tyrosinase, POD) activities for dopamine oxidation was performed by a colorimetric assay. The assay mixture contained 1 mM phenol, 0.5 mM 4-aminoantipyrine, 0.5 mg/ml horseradish peroxidase, 10 μM -2 mM dopamine, 0.1 M phosphate buffer (pH 7.4) at a final volume of 3 ml. The reaction was started by adding the enzyme in a final concentration of 0.1 mg/ml. The absorbance of the solution was measured at 500 nm for 5 min with the V-560 spectrophotometer (JASCO Co.). The enzyme activity was expressed as the amount of dopamine oxidized per min and mg of protein.
Detection of dopamine with the enzyme-luminescence method
The detection of dopamine was performed with a luminescence detectable plate reader, FLUOstar OPTIMA (BMG LABTECH). Before a measurement, the medium was replaced with Locke's solution (pH 7.4, 200 μl), then 0.25 mg/ml POD (30 μl), 1.0 mg/ml TOD (30 μl) and 1 mM luminol (30 μl) were added to each well. A dopamine solution of 10 μl was injected into the wells of the 96-well plate using an automatic reagent injector to start the enzymatic reaction. Luminescence was detected by an equipped photomultiplier.
Enzyme-catalyzed luminescence detection of dopamine released from PC12 cells
PC12 cells were plated in the 96-well plate at a density of 0.5 × 10 6 cells/ml, and incubated overnight to promote cell adhesion. Just before a measurement, the growth medium was removed from each well and cells were washed twice with Locke's solution. After washing, Locke's solution (200 μl), 0.25 mg/ml POD (30 μl), 1.0 mg/ml TOD (30 μl) and 1 mM luminol (30 μl) were added to each well. The 96-well plate was set in the plate reader and cell excitation was induced by the injection of Ach or DMPP with the equipped auto-injector. The principle of the real-time detection of dopamine released from PC12 cells by drug injection with the luminescence-detectable plate reader is schematically shown in Fig. 1 .
HPLC-ECD analysis was also carried out to determine dopamine released from the PC12 cells by drug stimulation in Locke's solution. Ion-pair chromatography with an ODS capillary column was used to separate dopamine after deproteinization by a perchlorate pretreatment and centrifugation. An LC-100 pump, an LC-165 on line valve, a DA-5 chromatograph interface, and an LC-4C amperometric detector were purchased from BAS.
Results and Discussion

Enzyme selection for dopamine oxidation
We aimed firstly to find a good enzyme to detect dopamine released from nerve model cells (PC12) in real-time by enzymecatalyzed luminescence measurements. Table 1 represents the three enzyme activities upon dopamine oxidation. TOD had the highest activity (more than 6 times for tyrosinase and more than 200 times for LPOD) for dopamine oxidation, while there was little difference in the Km value of three enzymes. Therefore, it was considered that TOD is much more efficient for dopamine oxidation and H2O2 production as compared with the previous two enzymes.
Detection of dopamine with the enzyme-luminescence method
TOD and POD were combined to detect dopamine by the luminol luminescence method. When dopamine was injected into the measurement solution, luminescence was quickly generated and reached the peak within a few seconds, as shown in Fig. 2(A) . The luminescence peak intensity increased with increasing dopamine concentration within 1 μM. The detection limit of dopamine was 10 nM, and its sensitivity was comparable to that of the HPLC method. Figure 2(B) shows the calibration curves for dopamine with our TOD + POD method and the LPOD + POD method. The comparison indicates that the TOD + POD method is more sensitive to detect dopamine.
Real-time detection of dopamine released from PC12 cells by the enzyme-catalyzed luminescence method
Prior to the detection of dopamine released from PC12 cells by the developed enzyme-catalyzed luminescence method, HPLC detection of catecholamine released from PC12 cells was performed. The HPLC analysis demonstrated that PC12 cells release only dopamine by ACh stimulation after one day of culturing, though norepinephrine was also released after more than two days. Next, the real-time observation of dopamine release from PC12 cells after one day of culturing was examined by the developed enzyme-catalyzed luminescence Km/µM method. As shown in Fig. 3(A) , the luminescence peak was observed quickly within a few seconds after the injection of ACh. There was good reproducibility for three wells. The dependence of the luminescence peak intensity on the concentration of ACh was saturated at 100 μM with a detection limit of 5 μM, as shown in Fig. 3(B) . The EC50 for ACh was 66 μM by this method and it was almost the same as the EC50 (70 μM) by our HPLC analysis. Moreover, we tried to apply this method to drug assessment for PC12 cells. Luminescence generation was quickly observed by the injection of DMPP (a typical ACh receptor agonist) as similar as ACh stimulation. The luminescence peak intensity depended on the concentration of DMPP, as shown in Fig. 4 . The EC50 by this method for DMPP was 20 μM and the EC50 by our HPLC analysis was 30 μM. This result demonstrated that this method can be used for drug assessment.
Conclusions
It was demonstrated that our modified enzyme-luminescence method is very useful for real-time observations of dopamine release from PC12 cells, as a doperminergic neuron model, by acetylcholine and DMPP stimulation. The dependence of the cell response on the drug concentration by this method corresponded well to the dependence investigated by an HPLC analysis. These results support that this method can be applied to drug assessment for dopaminergic neurons or their model cells. This method has many advantages, such as high sensitivity for dopamine, rapid measurement (high throughput), and no pretreatment for cells (simple procedure). In addition, the method might be useful for the screening of chemical compounds that have a harmful influence on the human nerve system. As our next direction, we would like to develop this method for the real-time imaging of dopamine release from dopaminergic neurons, or their model cells. This future study may help to find dopaminergic neurons in brain slice and primary cultured cells without any staining. Also it may be useful for monitoring the activity of focused dopaminergic neurons.
